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ABSTRACT: An electrochemical device capable of manifesting reversible charge storage at the 
interface of an active layer offers formidable advantages such as low switching energy and long 
retention time in realising synaptic behaviour for ultra-low power neuromorphic systems. 
Contrary to a supercapacitor based field effect device that is prone to low memory retention due 
to fast discharge, a solid electrolyte gated ZnO thin film device, exhibiting a battery controlled 
charge storage mechanism via mobile charges at its interface with tantalum oxide is 
demonstrated. Analysis via cyclic voltammetry and chronoamperometry uniquely distinguishes 
the battery behaviour of these devices, with an electromotive force generated due to polarization 
of charges strongly dependent on the scan rate of the applied voltage. The Faradaic type 
diffusion controlled charge storage mechanism exhibited by these devices is capable of 
delivering robust enhancement in the channel conductance and leads to a superior on-off ratio of 
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108-109. The non-volatile behaviour of the interface charge storage and slow diffusion of ions is 
utilized in efficiently emulating Spike Timing Dependent Plasticity at similar time scales of 
biological synapses and unveils the possibility of STDP behaviour using multiple in plane gates 
that alleviate additional requirement of waveform shaping circuits 
1. INTRODUCTION 
Enabling energy autonomy of portable electronic systems via integration of electronic 
devices with energy harvesting systems and micro-power storage components1,2 has become 
mainstream research with wide spread applications in electronic skin3,4, sensors5,6, electronic 
fabrics1,7,8 and smart windows9,10. Electrochemical transistors are considered as a promising 
option to realise transistors integrated with micro power storage elements.11,12 They primarily 
utilise electric double layer (EDL) gating13±15 in realising high interfacHFDSDFLWDQFHXSWRȝ)
cmí,16 in diverse applications such as efficient biosensors17,18, neuromorphic11,19,20 and low-cost 
memory devices.21,22 Highly charged EDL interfaces are realized using ZnO as an active material 
and various ionic liquids such as N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium 
bis(trifluoromethylsulfonyl)imide (DEME-TFSI) by Yuan et al.,13 imidazolium-based ionic 
liquids by  Thiemann  et .al,23 CsClO4/PEO electrolyte by Shimotani et al., sol±gel processed 
silica electrolyte by Shao et al.,24 with interface capacitance high as 80 µF/cm2 at 0.1 Hz, 8.7 
µF/cm2 at 20 Hz, 7.7 µF/cm2ȝ)FP2 is measured at 1.0 Hz, respectively. It is also proven as 
a desirable technology in field effect devices with high gain and field mobility approaching their 
bulk limits in poly crystalline transparent conducting oxides (TCOs).25,26 Beyond these EDL 
based capacitive storage devices, a high density of interface oxide charge has been realised in 
mobile vacancy/ion- rich insulators in resistive switching devices27±29 where a battery controlled 
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charge storage (Faradaic type) mechanism is revealed in solid electrolyte based two terminal 
resistive switching devices.30,31  The charge storage mechanism in super capacitor based and 
battery type  electrochemical storage devices  has been a subject of intense research32,33 where 
supercapacitors are categorized as electrochemical double layer capacitors (EDLCs) and pseudo 
capacitors owing to their difference in the storage mechanism. EDLCs utilise reversible 
adsorption of ions of the liquid/solid electrolyte onto electrochemically stable electrode materials 
that have a high specific surface area.34 The double layer capacitance is given as  
ܥா஽௅ ൌ ఌబఌೝಲௗ           (1) 
where ߝ௥is the relative permittivity of the electrolyte, ߝ଴ is the dielectric constant of free 
space, d is the effective thickness of the double layer (charge separation distance) and A is the 
electrode surface area. In a typical EDLC, the separation d is of the order of the radius of the 
solvated ions.35,36 Pseudo capacitance, on the other hand, is given as 
 ܥ௉஼ ൌ ݍ௜௢௡ ௗఏ೔೚೙ௗ௏          (2) 
Where ݍ௜௢௡ is the amount of ionic charge required to form a monolayer and ݀ߠ௜௢௡ ܸ݀ ?  is 
the fractional ionic coverage, which generally takes values from 0 -1.37 Two of the most common 
types of pseudocapacitors are redox and intercalation pseudocapacitance.37,38 The redox reaction 
involves reversible electrochemical adsorption of ions on/near a surface and the concomitant 
electron transfer at redox active sites, while intercalation pseudocapacitance is based on a bulk 
phenomenon where intercalation of electroactive species occurs in layered electrode material 
without any crystallographic phase change.37,39  
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Despite the fact that there are multiple charge storage mechanisms possible at the 
metal/insulating oxide/semiconductor layers, majority of the TCO based liquid/solid electrolyte 
devices reported to date, have been identified as electric double layers FETs.21,25,40,41 We have 
recently demonstrated a solid electrolyte based three terminal Zinc oxide synaptic device 
featuring a gate polarity induced drift motion and accumulation of mobile vacancies in the Ta2O5 
gate insulator,  with an effective modulation of channel conductance depending on the density of 
accumulated positive charge at the channel interface.42 The present study elucidates a diffusion 
controlled charge storage mechanism employing oxygen ions/vacancies in the high k gate 
insulator  using cyclic voltammetry (CV) and chronoamperometry and presents new 
opportunities for realising high performance thin film display and synaptic memory devices with 
a distinctly different charge storage mechanism from conventional EDL based thin film devices. 
The electrochemical charge storage mechanism in the gate insulator/semiconductor layers 
presents a pronounced enhancement in the induced carrier density in the semiconducting channel 
that leads to superior transconductance and memory retention.  
2. EXPERIMENTAL METHODS 
Bottom gated three-terminal thin-film transistors in this study composed of  a conducting 
Indium Tin Oxide (ITO, 20 :/square) layer as gate, a high k dielectric tantalum oxide (Ta2O5) of 
dielectric constant ்߳௔మைఱ ൎ  ? ?Ǥ ? is deposited as the gate insulator and a  ? ?݊݉ of zinc oxide is 
used as channel. The gate insulator and channel materials are deposited via radio frequency (RF) 
sputtering using 99.99% Ta2O5 and ZnO ceramic targets as reported previously.
42,43 The 
deposited ZnO is then patterned using photolithography and Aluminum source and drain pads 
are deposited by photolithography patterning, thermal evaporation and lift off. Characterization 
of devices via cyclic voltammetry and chronoamperometry is performed using a B1500A 
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semiconductor device parameter analyzer/Semiconductor characterization System interfaced 
with a Desert Cryogenic probe station. Measurements of Spike Timing Dependent Plasticity are 
performed with the help of a RIGOL 4162 arbitrary wave form generator and the B1500A 
Semiconductor Characterization System, where the wave forms are designed using a Keysight 
Bench link Waveform builder (33503A). All the electrical measurements reported in this work 
are carried out at room temperature at ambient atmosphere. 
 
3. RESULTS AND DISCUSSION 
Despite the fact that cyclic voltammetry is conventionally applied to three electrode systems 
with a working, reference and counter electrode geometry, it is proven as a suitable technique to 
study various solid electrochemical cells such as Pt/Ta2O5/Pt, Pt/HfO2/Pt or Pt/Ta2O5/Ta where  
the host ions such as oxygen and/or metal ions can be transported.44. In the present study, a solid 
electrolyte material (Ta2O5) is sandwiched between a metal/semiconductor layer and bottom ITO 
layer where the leakage current is minimized by optimizing the thickness of the insulating Ta2O5 
layer, enabling the observation of ionic features (oxidation/reduction) in a two terminal 
geometry. In general, cyclic voltammetry is widely employed to understand the electrochemical 
diffusion of metal cations in oxides.31 
Oxide thickness in the present study (200, 275 and 350 nm) is chosen to minimise the gate 
leakage current to less than 1 nA so that switching and charge storage properties of the device 
can be examined without any ambiguity. The characteristics of the insulator/ semiconductor 
bilayer devices in Gate /Insulator (Ta2O5) /Semiconductor (ZnO) /Metal geometry with insulator 
thickness of 275 and 350 nm obtained via cyclic voltammetry are shown in Figure 1a, b 
respectively.  A schematic cross-section of the device is shown in the inset of Figure 1a which 
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shows the accumulation of positive ionic charge towards the channel interface, due to an applied 
positive gate bias. A representative triangular waveform at a fixed ramp rate used for the CV 
sweep is shown in the inset of Figure 1b where the voltage sweep is performed from  ? ՜  ?Ǥ ? ?՜ ? ՜ െ ?Ǥ ? ?՜  ? ՜  ?Ǥ ? ?ܸ . The oxidation (positive) and reduction (negative) current reveals a 
strong scan rate dependence, as highlighted in the figures, where the position of the reduction 
peak arising from a recombination of positively charged oxygen vacancies with negatively 
charged oxygen ions.  As the electric field for the oxidization reaction is reduced in the backward 
sweep, the corresponding current also drops and the reduction process of the positive ions starts 
at ܸீ  ? ?  ܸwhere the current becomes negative. Sweeping the voltage to more negative values 
results in the reduction current attaining a peak value ݆௣௘௔௞.  The scan rate dependence of the 
peak current for the 275 and 350 nm gate insulator devices are shown in Figure 1c, d 
respectively. The figures depict a power law relationship of ݅௣௘௔௞ ൌ ܽݒ௕ between ݅௣௘௔௞ and  scan 
rate (ݒ), where  ܽ is the fitting parameter and a value of  ܾ ~0.5 in the CV scans indicates a 
diffusion controlled current, with the charge storage via a Faradaic process involving diffusion of 
oxygen vacancies into the crystalline framework of the electrode materials. In the present case, 
the electrodes are assumed to consist of the bottom ITO at one end and the low resistivity ZnO at 
the other,  consistent with similar  studies on doping in In2O3 using oxygen vacancy rich Y2O3-
stabilized ZrO2 reported in ref [28] and the oxygen-vacancy exchange between amorphous 
Indium Gallium Zinc Oxide/Ta2O5 by Kwon et al., in ref [45].  The redox process is only 
observed for a combined ZnO/Ta2O5 interface which acts as a trapping layer for the vacancies 
under positive bias at the ITO electrode. The relationship between the current and scan rate in a 
diffusion controlled process is  obtained from the rate of change of ion concentration gradient 
near the electrode as 36 
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݅ ൌ ݊ܨܣܥ ቀఈ௡ிோ் ቁ଴Ǥହ ߨ଴Ǥହ߯ሺܾݐሻܦ଴Ǥହ߭ ଴Ǥହ      (3) 
where n is the electron number involved in the electrode reaction, F is the Faraday constant= 
96,500 C/mol, A is the surface area of the electrode material, C is the surface concentration of 
WKHLQWHUFDODWHGFDWLRQĮLVWKHWUDQVIHUFRHIILFLHQW5LVWKHPRODUJDVFRQVWDQW LQ-.-
1mol-1, D is the diffusion coefficient in cm2V 7 LV WKH DEVROXWH WHPSHUDWXUH ȤEW LV WKH
normalized current for a totally irreversible system in CV. This behaviour is fundamentally 
different from a capacitance dominated process valid in the case of EDLC and 
pseudocapacitances, where the current and scan rate relationship is34  
݅ ൌ ܣܥௗ߭           (4) 
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Figure 1. Cyclic voltammetry (CV) data revealing electrochemical kinetics of the ZnO devices 
measured in the Gate /Insulator /Semiconductor /Metal geometry. I-V characteristics are 
acquired at different scan rates for a) 275 nm and b) 350nm Ta2O5 gate insulator ZnO TFT with 
W/L of 200/2.5 µm. The area of the device is  ?Ǥ ? ? ൈ   ? ?ିସܿ݉ଶ which is considered as the area 
of overlap between the top and bottom electrodes. A positive gate voltage leads to the 
accumulation of positive charge from the insulator at the semiconductor interface that induces 
corresponding image charge (electrons) in the n-type ZnO semiconductor as shown in the inset 
of (a). The reduction peak highlighted in (a) and (b) corresponds to a recombination of the 
oxygen ions and positively charged oxygen vacancies, ie, ࢂ࢕૛ା ൅ ࡻ૛ି ՜ ࡻ ൅ ૛ࢋି.46,47 A 
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symmetric triangular waveform is used for the CV sweep, shown in the inset of fig (b). Figures 
(c) and (d) reveal a  power law relationship between the peak current (࢏࢖ࢋࢇ࢑) of the reduction 
reaction and the scan rate (࢜ሻ,  where ࢈ ~ 0.5 implies that the current is mainly controlled by 
solid state diffusion of the mobile ions in the gate insulator48. Comparing the data from 10 
devices, the variations in peak values of gate current and reduction current from device to device 
is up to 0.5, 0.3 nA respectively . Hence the error bars associated with the logarithmic value of 
the reduction currents  in (c) and (d) are smaller than the size of the symbol and omitted in the 
data.  Scan rates used in (a) and (b) are tabulated in the inset of (c) and (d) respectively.  
where ܥௗ is the area-normalized capacitance. Cyclic voltammetry is a powerful technique for 
identifying the respective mechanisms, even in complicated scenarios where contributions from 
capacitive and diffusion controlled processes are present.38,49 Following equations (3) and (4), it 
can be seen that the diffusion controlled peak current (in a battery) is proportional to  ߭ ଴Ǥହ 
following a power law relationship of ݅௣௘௔௞ ൌ ܽݒ௕ between ݅௣௘௔௞ and  scan rate (ݒ) with ܾ ൌ ?Ǥ ?. On the other hand, a capacitance controlled current in a supercapacitor varies linearly with 
scan rate yielding b~1. It has been unambiguously shown that capacitance controlled processes, 
LQFOXGLQJLQWHUFDODWLRQSVHXGRFDSDFLWDQFHDUHQRWGLIIXVLRQFRQWUROOHGDQGH[KLELW³E´RIa38,50 
, unlike the present case where a dependence of ݅௣௘௔௞ with ݒ଴Ǥହ is prevalent. A similar variation 
of the reduction peak current is mainly observed for battery electrode materials such as LiFePO4 
51, TiO2 mesocages
52, Na3V2(PO4)3 
53 and Li±S 54. These results support the idea that ZnO 
devices realized using Ta2O5 solid electrolyte in this study is conceptually different from 
electrical double layer capacitance devices, widely explored for low voltage applications. 
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Using equation (3) for the peak reduction current, the diffusion coefficient of the oxygen ions 
can be obtained if the concentration of the ionic charges corresponding to the scan rates are 
known. The interface oxide charge (ܳ௢௫ሻ corresponding to various scan rates  are calculated by 
integrating the current with time during the oxidation step where current flow is from the bottom 
gate to the top S/D electrodes.31 The ion concentrations are obtained as ܥ௢௫ ൌ ܳ௢௫ ݊ܨܸ ?  where ܸ 
is the volume of the device. The extracted diffusion coefficient in the present study (3- 10 × 10-13  
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Figure 2. a) Dependence of the diffusion coefficient of positively charged oxygen vacancies 
with varying ion concentration at the channel interface revealing two distinct regions. Region 1 ( 
> 100  mV/s) corresponds to a fast charging regime, where ۲ܗܠ shows a steep variation with ion 
concentration, while in region 2  (< 100 mV/s) it is nearly independent of ۱ܗܠ b) 
Chronoamperometric data is acquired at three applied biases, where the transient behaviour of 
the charging current can be well described using the Cottrell equation36 applicable for diffusion 
controlled Faradaic (battery) devices. Figure inset shows a similar reduction in the value ۲ܗܠ 
with increase in ۱ܗܠ. The error bar represents uncertainty arising from device to device variations 
in the gate current. 
cm2/s at moderate scan rates compares well with others  reported in the literature55 (3.5 × 10-13 
cm2/s.  The calculated diffusion coefficient in Figure 2a shows distinct scan rate dependence 
corresponding to fast charging (region 1, scan rate >100 mV/s) and a weak dependence of scan 
rate or ion concentration in region 2, where the scan rate < 100 mV/s (slow charging). The 
observed behaviour can be attributed to enhanced screening between the ions when their 
concentration increases (high ՜ low scan rates)31, finally resulting in saturated diffusion of ions 
(scan rates <100 mV/s).  
The observed battery behaviour in the Ta2O5/ZnO devices is further investigated using the 
Chronoamperometry technique where the voltage is stepped within the region where the current 
is limited by diffusion controlled process, and the current is measured as a function of time. The 
current decreases with time because the ion concentration gradient near the electrode decreases 
with time as56  డ஼ሺ௫ǡ௧ሻడ௫ ൌ ܥሺߨܦݐሻିଵȀଶ  ቀെ ௫మగ஽௧ቁ        (5) 
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where x is the position, t is the time, D is the diffusion coefficient and C is the bulk 
concentration of reacting species. 
The diffusion current from the concentration gradient is obtained as56 ܫሺݐሻ ൌ  ݊ܨܣܦ଴Ǥହ ܥሺߨݐሻି଴Ǥହ ൜ ? ൅ ቀ஽బ஽ ቁ଴Ǥହ כ ݁ݔ݌ ቂቀ௡ிோ்ቁ ൫ܧ െ ܧ௖׎൯ቃൠିଵ   (6) 
Here ܧ௖׎ is the formal electrode potential, D0 is the diffusion coefficient of oxidising species. If 
the voltage is stepped into a diffusion limited region, then E>>ܧ௖׎ and  ܫሺݐሻ ൌ  ݊ܨܣܦ଴Ǥହ ܥሺߨݐሻି଴Ǥହ         (7) 
Equation (7) is the general form of the Cottrell equation36 showing the transient response of 
current is inversely proportional to the square root of time, whereas charging current is a 
capacitance controlled system generally expressed as: ܫሺݐሻ ൌ  ௏ೞோ ൣ൫െݐ ܴܥൗ ൯൧         (8) 
Where ௦ܸ is the source voltage, R is the resistance and C is the maximum capacitance. Thus 
Chronoamperometry also provides a method of verification to identify capacitance controlled 
and battery controlled systems. As shown in  Figure 2b, the charging current in the 
chronoamperometry measurements at various applied biases can be well described using the 
Cottrell equation (equation (7)) and is a signature characteristic of a diffusion controlled Faradaic 
device as previously demonstrated in the case of resistive switching devices with oxygen 
vacancies.57,58  The chronoamperometric data reveals that a higher applied bias results in a higher 
oxidised ion concentration (COX) and slower diffusion rates for the accumulated ions where ion-
ion interaction is significant.31 The behaviour of charging current in Figure 2 rules out the 
capacitive type charge storage mechanism in these devices where an exponential dependence is 
expected for the charging current (equation (8)). 
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The charge storage induced equivalent battery voltage in our device is further investigated in 
supporting info Figure S1a-c. It is understood that the generated electromotive force in the 
device due to polarization of charge scales with logarithmic ionic charge density as shown in 
Figure S1c, following the Nernst equation, ܧ ൌ ܧ଴ ൅ ቀோ்௡ிቁ ሺܽ௜௢௡ሻ, where ܽ݅݋݊ is the activity of an 
ion, that is related to its concentration as ܽ݅݋݊ ൌ ߛܥ݅݋݊, where ߛ is the activity coefficient (ideally 
1) and ܥ݅݋݊  is the ionic concentration.59 Having demonstrated the occurrence of battery 
controlled charge storage mechanism in Ta2O5/ZnO, the consequential effect of this interface 
charge storage on the performance of the thin film transistors and their suitability for 
demonstrating neuromorphic behavior are discussed below. 
The scan rate and oxide thickness dependence in the IDS-VGS characteristics of the ZnO solid 
electrolyte FETs are shown in figures 3a and 3b respectively. Similar to the strong scan rate 
dependence observed in CV measurements (Figure 1a), the measured transfer characteristics 
reveal a finite scan rate dependence delivering higher ON state current at lower scan rates (figure 
3a) that relates to the shorter or longer time span for the diffusion of the ionized oxygen 
vacancies towards the channel interface at high or low scan rates respectively. Figure 3b shows a 
remarkable (~ 10×) difference in the ON state current between the 200 and 350 nm Ta2O5 which 
reveals that thicker oxide layers induce a higher electron density in the semiconductor due to 
higher amount of mobile ions as compared to thinner gate oxide.  
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Figure 3: a) Scan rate dependence during the backward sweep (high to low) IDS-VGS 
characteristics of the 275 nm oxide device. (Figure inset shows the false colour SEM image of 
the device showing the gate insulator, ZnO mesa and Aluminium source/drain contacts, the scale 
bar is 30 µm) b) A comparison of backward sweep transfer characteristics of the ZnO FETs 
employing Ta2O5 insulator  thickness of 200 nm, 275 nm and 350 nm. Device to device 
variations can result in up to 0.5 mA differences in the saturated on current values.  
The solid electrolyte TFT fabricated using Ta2O5 insulator in this study exhibits a distinct 
counter clockwise hysteresis in its transfer characteristics (figure 4a) that is opposite to the 
behaviour of devices using 50 nm SiN insulator (figure 4b). This behaviour is identical to many 
other solid electrolyte TFTs in the  literature.19,60 Another supporting evidence for the mobile 
ion/vacancy behaviour in the sputtered Ta2O5 is the voltage dependent minimum position of the 
gate current versus gate voltage in the device, shown in figure 4c, for a 350 nm thick Ta2O5 
insulator device. The linear relationship between the minimum and maximum voltages in the 
gate current characteristics exhibited by these devices (figure 4d) confirms the similarity of the 
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behaviour of the mobile charge species in the insulator with that reported elsewhere  for Ta2O5 
based resistive switching devices.44,61  
 
 
Figure 4. a) Transfer characteristics of two TFTs fabricated using a) using RF sputtered 275 nm 
Ta2O5 showing a prominent counter clockwise hysteresis  b) shows the characteristics of a TFT 
with 50 nm PECVD grown SiNx insulator,  revealing a clock-wise hysteresis.  c) Variation of the 
minimum of gate current characteristics in the device in the backward sweep when the starting 
voltage (Vmax) is changed from 3V to 6V for a TFT with 350 nm thickness of  Ta2O5 insulator. 
d) Shows a linear relationship between the maximum applied voltage (Vmax) and the voltage 
(Vmin) corresponding to the minimum gate current in (c).  
The gate electric field directed motion of the positively charged oxygen vacancies 
towards the semiconductor interface leads to time dependent growth of the drain- source current 
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in the device as shown in Figure 5. The channel current/conductance shows over three orders of  
magnitude increase compared to its initial value when a positive gate voltage of 2V applied on 
the gate for ~25 s (figure 5a). It is further shown in Figure 5b that the channel conductance can 
be significantly enhanced by applying a higher drain bias of 2V and sweeping the gate voltage 
with a scan rate of 0.05 V/s. The device exhibits an abrupt increase in the drain- source current at 
VGS = 2.4 V (VDS= 2V) due to degenerate electrochemical doping of the ZnO channel by the 
oxygen vacancies similarly  reported in the case of Indium Zinc Oxide due to mobile protons.62 
A schematic diagram shown in the inset of Figure 5b illustrates the vacancy induced strong 
doping in ZnO layer, where a finite positive bias on the drain repels the positive charges mainly 
to the source/channel region and presents a strong electric field between drain ±source terminal 
for the electron flow through the channel. A simultaneous increase in the drain- source and gate-
source current as shown in Figure 5b indicates that the abrupt increase in gate current is due to 
nearly metallic behaviour of ZnO layer and not originating from soft breakdown of the Ta2O5 
layer.  A high negative gate bias is required to drive the vacancies back to the insulator and to 
turn off the device. 
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Figure 5. a) A typical transient behavior of the drain current in the ZnO solid electrolyte FET at 
a fixed VGS of 2V. A 50% variation in the saturating value of the current at VGS of 2V is 
observed due to device to device variations. Slow diffusion kinetics of the positively charged 
ionized oxygen vacancies into the semiconductor layer results in over three orders of increase in 
current with respect to its initial value b) transfer characteristic captured at a drain bias of 2V and 
using a scan rate of 0.05 V/s revealing an abrupt increase in the on- state conductance around 
VGS=2.4V. A representative schematic diagram in the inset shows that at high gate and drain 
electric field, the ZnO channel becomes degenerately doped due to the injection of positively 
charged oxygen vacancies. An abrupt reduction in the ZnO conductance results in a spike change 
in the drain and gate current of the device as shown the figure.  Device parameters: W/L= W/L = 
300/10 µm and toxide=275 nm. 
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The performance metric of the ZnO based solid electrolyte TFTs in the study is considered 
below. From the CV data for the lowest scan rate shown in Figure 1, the induced interface 
electron density in ZnO corresponding to a peak gate voltage of 4.75 V is roughly estimated as  ൌ ୭୶  ?  = 4.24 × 1014 cm-2. The specific capacitance corresponding to the above value is 
calculated as 14.3 µF/cm2 and is approximately 4 X higher than the specific capacitance reported 
in other solid electrolytes. 41,53,63,64  The induced electron density in a 40 nm ZnO channel due to 
the accumulated oxygen vacancies is calculated to be ~ 1.06 × 1020 cm-3 and this value is 
comparable to the electron density in heavily doped Al or Ti- ZnO.65,66 It can be understood that 
the high on-state conductance shown by these devices is primarily due to the reversible battery 
type charge storage of oxygen vacancies at the interface, resulting in an enhanced electron 
density in ZnO. The Ta2O5 based solid electrolyte devices shows greater promise compared to 
other technologies in terms of delivering a higher stable specific capacitance up to 15 µF/cm2 
with no reduction at higher applied biases and the diffusion controlled mechanism in our devices 
delivers highest normalized transconductance ሾ݃௡ ൌ ݃௠ ሺ ஽ܸௌ ൈ ܹ ܮ ? ሻሿ ?  compared to other solid 
EDLFETs reported in literature.41,53,64,67. The main performance parameters are summarized in 
Table 1, where a comparison with other ZnO based EDL FETs is also reported.  
Table 1. Performance of EDL- FETs  Vs Ta2O5/ZnO device.
  
Insulator  SS(mV/dec) gm 
(mS) 
VDS (V) W/L gn (mS V-
1)* 
ON-OFF 
ratio 
Ref 
Ta2O5 100-130 0.25- 
30 
0.1, 2 50,30 0.05- 0.50 107-109 This 
work 
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P(VDF-
TrFE)a 
- 0.0025 0.1 1.56 0.016 107 67 
PSGb 100 0.36 1.5 12.5 0.02 >107 40 
Chitosanc 65 0.2 1.2 12.5 0.01 107 41 
KH550-
GOd 
140 0.8 2 12.5 0.03 3×107 64 
ILse - 0.16 0.1 0.4 4.00 3-103 25 
CSPEf 115 0.003 0.5 0.02 0.29 107 68 
 
a SRO\ȕ-(1-4)-D-glucosamine), poly[(vinylidenefluoride-co-trifluoroethylene], bPhosphosilicate 
glass, cChitosan, d 3-triethoxysilylpropyla-mine-graphene oxide, eN,N-diethyl-N-(2-
methoxyethyl)-N-methylammonium bis- trifluoro-methylsulfonyl)-imide (DEME-TFSI), 
composite solid polymer electrolyte. * ݃௡ ൌ ݃௠ ሺ ஽ܸௌ ൈ ܹ ܮ ? ሻ ?  
The reversible charge storage of these three terminal devices are predicted to have greater 
advantages in non-volatile memory and neuromorphic applications than memristor based two 
terminal devices.69,70  Neuromorphic systems require devices that have a multistate behaviour 
responding at different levels to the same repetitive input stimuli depending on history. Non-
volatility is another pivotal property requiring the capability of storing the memory/conductance 
state without any refresh or energy dissipation. A major impediment for state-of-the-art 
memristor based two terminal devices is reducing their operative voltage to < 0.3V without 
hampering the long term data retention capability, otherwise known as µYROWDJH- time 
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GLOHPPD¶71 A non- volatile redox transistor (NVRT) employing battery type materials such as 
Li1-xCoO2 or Nafion electrolyte gated organic polymers as channel is proposed as a viable option 
to alleviate the high write voltage requirement and short term data retention limitations of the 
resistive switching devices for neuromorphic applications.11,72 Moreover, the three terminal 
configuration of these devices allows independent read operation across the source drain 
electrodes, while the write operation is via a  potential on the gate terminal. The inherently slow 
diffusion of ions in these battery type materials significantly helps towards long term retention of 
channel conductivity in the absence of an applied gate voltage and owing to the low activation 
energy of mobile ions to transfer from the electrolyte to electrode materials results in low write 
voltages.11,72  
The ZnO based solid electrolyte technology demonstrated here offers unique advantages over 
other reported devices owing to their improved stability arising from the inorganic structure and 
dramatically simpler device design. The interface Faradaic charge storage mechanism in these 
devices provides robust memory behaviour where the channel conductance can be maintained 
even after removing the gate stimuli.  A more beneficial property of the solid electrolyte ZnO 
V\QDSWLF GHYLFH RYHU RWKHU µEDWWHU\ OLNH¶ V\QDSWLF GHYLFHV LV WKH QRUPDOO\ RII EHKDYLRU WKDW LV
attractive for reducing static power consumption.  In the case of Nafion based poly(3,4-ethylene 
dioxythiophene): polystyrene sulfonate (PEDOT:PSS) devices where a positive pre-synaptic 
voltage results in the reduction in the intrinsically conducting state of the channel layer, an 
external switch is employed to maintain the channel conductance for realising long term 
retension.11 In Figure 6a, the synaptic behavior of solid electrolyte based ZnO devices is shown 
by repetitive application of pre- synaptic spike of  ± 500 mV amplitude with 50 ms width for 
synaptic potentiation and depression. Figure 6b reveals the pre-synaptic pulse width dependence 
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on change of synaptic weight (conductance) with potentiation evident with a pulse width as low 
as ~20 ms.  The conductance change with these short ms pulses is associated with short term 
memory retention which lasts for only few seconds. 
 
Figure 6.(a) synaptic potentiation and depression by the application of repetitive positive and 
negative voltage pulses at the pre-synaptic (gate) terminal, displaying several discrete 
conductance states. The change in the conductance after application of 10 consecutive pulses is 
evaluated as  ?ࡳ, bottom panel shows the applied voltage pulses with width of 50 ms  b) shows 
that post synaptic conductance change ( ?ࡳ) for pre-synaptic pulse widths ranging from 20- 200 
ms, confirming the synaptic operation in the same length scale of  biological synapses. The 
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device parameters are W/L = 300/10 µm and toxide=275 nm. The error bar represents typical 
device to device variations. 
The limiting factor of the ionic FETs at lower pulse duration is the low mobility of 
oxygen vacancies/ions in the gate dielectric (~1 x 10-11 cm2/Vs). Improving the ion mobility in 
the oxide can significantly enhance the operation speed and reduce hysteresis at low frequency 
operation. 
The learning functions of a biological brain are achieved through Spike Timing Dependent 
Plasticity (STDP), where the synaptic strength between a pre-neuron and post neuron is 
determined by the relative timing difference between the firing process between them.73 If the 
pre and post neurons fire a spike at time ݐ ൌ ݐ௉ோா and ݐ௉ைௌ் respectively,  the synaptic weight 
(ݓሻ changes as a function of  ?ݐ ൌ ݐ௉ைௌ் െ ݐ௉ோா. Synaptic potentiation requires sequential 
operation where pre-neuron fires first followed by the post neuron. Here we show that STDP 
functions can be effectively implemented in the Ta2O5/ZnO switch where the synaptic inputs are 
applied at the gate terminals and synaptic strength is measured as the channel conductance at the 
drain terminal.42  In a biological system, the synaptic weight corresponds to the amount of 
released neurotransmitters from the vesicles in response to the input spike arrived at the axon 
terminal. In practice, the two main approaches adopted to demonstrate STDP behaviour in three 
terminal devices are 1) combine the pre and post spikes using a commercial multiplexer where 
output of the multiplexer is fed to the gate terminal and synaptic strength is measured at the drain 
terminal.70 2) use of multiple in-plane gates to apply pre and post synaptic signals on to the 
individual gates and measure the synaptic weight at the drain.19 Here using the former approach, 
where the role of the multiplexer is replaced by using a software based waveform mixing 
procedure (Keysight Bench link Waveform builder), we have demonstrated the asymmetric 
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STDP behavior of synapses. The asymmetric STDP behaviour of a synapse73 is effectively 
emulated using the solid electrolyte ZnO TFTs as shown in Figure 7. 
 
Figure 7. Demonstration of asymmetric spike timing dependent plasticity from a representative  
ZnO synaptic FETs. a) a bipolar saw-edged wave form is selected as a pre-spike and a voltage 
pulse with width of 50 ms is used as the post-spike, with a pulse amplitude of 1V (b). The two 
wave forms are combined and the resultant wave form in (c) is fed to the gate terminal to 
emulate the asymmetric STDP behaviour shown in (d). The synaptic weight (conductance) is 
measured with a drain-source voltage of 200 mV. Device parameters are W/L = 200/4 µm, Tox = 
275 nm, VDS=200 mV.  The error bar in (d) represents typical device to device variation in the 
channel conductance. 
Selection of the saw edged pre-synaptic wave form facilitates the effective modulation of the 
output wave form depending on the spike timing difference between the pre and post spikes that 
is fed to the gate terminal to measure the excitatory post synaptic response (Figure 7a-c). As 
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revealed in the STDP measurements in hippocampal glutamatergic synapses by Bi and Poo 73, 
synaptic potentiation is demonstrated when the pre-spike precedes a post spike ( ?ݐ ൌ ݐ௣௥௘ െݐ௣௢௦௧ >0) and synaptic depression when the pre-neuron spikes after the post neuron signal ( ?ݐ ൏ ?). The post synaptic response across the source and drain terminals were measured using a drain 
voltage of 200 mV as shown in Figure 7d. The demonstrated STDP behaviour here can also be 
realized using two presynaptic gate terminals in the vicinity of the channel region, where 
respective pre-spike and post spike signals can be applied on these gate terminals. Hence using 
multiple gate architecture, coupled to the channel using a solid electrolyte insulator, STDP 
behaviour as shown in  Figure 7d can be emulated using a single device, without the need of any 
wave shaping circuits or software based waveform mixing approaches. 
4. CONCLUSION 
In summary, a solid electrolyte based ZnO thin film device that harnesses battery controlled 
charge storage phenomena at the interface due to mobile charges in the gate insulator has been 
demonstrated using tantalum oxide as gate insulator.  Electrochemical kinetics of the devices 
investigated using cyclic voltammetry and chronoamperometry based measurements reveals a 
novel diffusion controlled charge storage strongly dependent on the scan rate and amplitude of 
the applied voltages. The Faradaic charge storage mechanism exhibited by these devices shows 
unprecedented enhancement in the channel conductance and leads to a superior on-off ratio of 
108-109 and high normalized transconductance of ~ 0.05-0.5 mS V-1. The non-volatile behaviour 
arising from diffusion controlled charge storage and slow diffusion of the ions is utilised in 
efficiently emulating the Spike Timing Dependent Plasticity of biological synapses that unveils 
the possibility of STDP using multiple in plane gates that alleviate additional requirement of 
wave form shaping circuits. Three terminal synaptic devices behaving as an active component 
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while displaying synaptic behaviour with an induced EMF, is analogous to biological neurons 
with a fixed membrane potential and offer promise in realising future neuromorphic devices and 
circuits using fully transparent thin film technology. The solid electrolyte based technology 
demonstrated here is extendable to other material platforms for realising high performance 
memory devices that mimic biological synaptic functions.   
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